, Sm 3+ [2] , Cr 3+ [3] or Fe 3+ [4] are reduced as a function of the integrated dose and complete reduction of Sm 3+ ions has been 2 detected for integrated dose around 10 9 Gy using luminescence measurements [2] .
The reduction processes of ions in glasses can be associated to the production of electron hole pairs (excitons) in glasses. Some electrons can be trapped for example on the Ti 4+ ions, leading to the formation of stable Ti 3+ ions while holes are trapped by oxygen ions leading to the production of different punctual holes defects in the irradiated glass [5] . Moreover, for the highest doses integrated inside the glass (≈ 1 x 10 9 Gy), an increase of the network polymerization [6] [7] [8] [9] [10] [11] associated with a production of molecular oxygen [6, [8] [9] 11 ] may occur. These two processes are correlated to the alkaline migration processes under ionizing radiation [8, 10] .
Efficiency of reduction processes under ionizing radiation should also depend on the environment around the doping ion in glasses.
Titanium ion is a good candidate for studying this relationship. First, when TiO 2 is added to a glass composition, the main oxidation state in the matrix is the Ti 4+ state [12, 13] . Study of the titanium environment before irradiation will therefore bring information of the different environments around an oxidation state. The second reason is that titanium environment in glasses has been extensively studied by X-Ray Absorption Near Edge Structure (XANES), Extended X-ray Absorption Fine Structure (EXAFS) [12] [13] [14] [15] [16] [17] [18] and Raman spectroscopy [19, 20] . Gy. During irradiation, the sample temperature never exceeded 80°C.
All the samples were synthesized using the same protocol but the theoretical compositions has not been confirmed by a chemical analysis. Thus, we'll assume that the composition of all samples is affected by the same error.
Experimental EPR spectroscopy
X-band ( = 9.490 GHz) EPR spectra were recorded at 20 K using an OXFORD He cryostat on a EMX Bruker spectrometer. ions. In this case, the relative proportion of Ti 3+ in each site, expressed in %, will be determined by computing the ratio of the area under each elementary absorbance spectrum and the area under the total simulated spectrum.
Many different phenomena may induce an error on the measured values: position of the sample into the EPR cavity, variation of temperature, etc. The global error on each point of the EPR spectrum is estimated to be 4.8 %. This value was obtained by recording ten times the EPR spectrum of the same sample (S80 irradiated at 3,27 x 10 7 Gy). Each time the sample is removed and replaced into the EPR cavity and the temperature returns to ambient before decreased again.
Simulation of EPR spectra
Simulation of EPR spectra were realized using the ZFSFIT program developed by G.
Morin and D. Bonnin [23] . This program was specially developed for fitting EPR powder spectra with paramagnetic species with nuclear spin I ≤ 7/2 and electronic spin S ≤ 5/2. The more general spin Hamiltonian calculated by ZFSFIT is:
Where  is the Bohr magnetron, H is the magnetic field tensor, g is the Lande tensor, S the spin tensor, by a routine based on the Levenberg-Marquardt algorithm.
At the end of the fitting procedure, the obtained simulated EPR spectra for each Ti 3+ environment are defined by three g-values which can be associated to the EPR axis of the system [24] . Because we are working with amorphous materials, our EPR spectra are the sum over all spatial orientations of the Ti 3+ EPR spectrum and thus, it is impossible to associate a g value with a spatial direction into the sample. By convention, we will assume that g 3 ≥ g 2 ≥ g 1 . The three anisotropic widths s 1, s 2 and s 3 widths correspond to the g-strain process in amorphous material associated with g values distribution. The g-strain process in the ZFSFIT program is treated as a perturbation of the Zeeman Hamiltonian term different along the g tensor direction.
By convention, we will assume s 3 = 0 to precisely quantify the other widths.
Results
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The figure 1 presents the EPR spectra of titanium-doped silicate glasses samples S10 to S80 after -irradiation at 3.23 x 10 7 Gy. These spectra are complex and may be separated into two groups of lines. The first group, centered around g = 2.0076  0.003 and close to the g-value of free electron (g e = 2.0023 [22] ) is attributed to the paramagnetic hole defects created by irradiation [7, 5] and the second group, centered around g = 1.935  0.003 is attributed to Ti 3+ ions [22, 25, 26] . In this paper we will mainly focus our study on the EPR spectrum of Ti 3+ ions. Fig. 1 
Influence of total integrated dose
8 Figure 2 shows the EPR spectra of the two titanium doped silicate glasses S20 and S80 irradiated at different doses between 3.24 x 10 6 and 1.68 x 10 9 Gy. The EPR spectra of pristine S20 and S80 samples also presented in Fig. 2 
Post irradiation ageing processes.
The figure 3 presents the EPR spectra of the S20 and S80 samples recorded just after their -irradiation at 3.23 x 10 7 Gy and 165 days later. No significant changes are analyzed on the EPR spectra of the S20 sample as a function of the ageing time.
By contrary for the S80 sample, we observe an important modification of the Ti . The similarities between the evolutions of the EPR spectrum of Ti doped silicate glass irradiated at high-dose (close or higher to 1 x 10 9 Gy) showed on figure 2 and after a 165 days ageing presented on figure 3 confirm that the s I site of Ti 3+ ions has a higher coordination number than the other Ti 3+ sites in the irradiated silicate glasses studied in this work. Bayer [29] , also published the EPR spectrum of Ti 3+ in La 2 TiO 5 crystals which is close to our s III spectrum. All theses previous studies supports the simulation solution we've kept. However the shape of the simulated EPR spectra will be discussed in section 4.
Simulation of experimental Ti 3+ EPR spectra
Proportions of Ti 3+ ions in each site
By a double integration of the simulated EPR spectra, we can obtain the proportion of Ti 3+ ions in each titanium site inside the glass. Figure 5 presents the evolution of the mean proportion over all samples of Ti 3+ ions in each site as a function of the total integrated dose (in log. scale). According to this figure, the Ti 3+ ions produced during ionizing radiation in the silicate glasses are mainly in the s III site followed by the s II site and finally the s I site which is only observed in the S68 and S80 samples.
Moreover, Ti 3+ ions content in the s I site seems to be constant or, as we observed in figure 2 , decreases when the dose is close or higher than the giga-gray. As we already said, some of our samples have the same chemical composition as samples already studied in previous works. First of all, N. Ollier et al. [1] showed by XANES spectroscopy the existence of a mixture of ratio (e.g. S68 and S80) and by the lower stability of this site during leaching ( § 3.4).
We concluded that the coordination of the titanium ions in the s I site is higher than the coordination of Ti 3+ ions in the s II and s III sites. To our knowledge, the higher observed coordination number for Ti 3+ ions is VI. Thus, we attribute the s I site to [VI] Ti 3+ ions.
F. Farges [21] has proposed a possible square based pyramidal environment (
in silicate glasses. In this coordination number [13, 16, 21] , the [V] Ti 4+ ions environment is characterized by one Ti = O titanyl bond and four Ti -O bonds. The assumption of a direct reduction processes for Ti doped silicate glasses studied in this work suppose production of [V] Ti 3+ ions in this square pyramidal environment.
This particular stronger titanyl bond will influence strongly the powder EPR spectrum [20] didn't take into account this geometry in his XANES study because it is less common to observe Ti 4+ in trigonal bi-pyramide than in square pyramid. Moreover, his results are defined with a  10 % error. Thus, we can assume that the trigonal bi pyramid geometry is an intermediary case between the octahedron and the square pyramid which was not taken into account in the previous studies. This may explain the apparent discrepancy between our results. However, because figure 5 shows different slopes of reduction, it may exist in our samples some different reduction efficiency, depending on the titanium 14 sites and on the integrated dose. This different reduction efficiency may change our result, especially concerning the total Ti 3+ ions quantities. This problem must be taken into account for our next studies.
Conclusion
We studied in this work by X-band EPR spectroscopy and simulation of EPR 
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